a b s t r a c t
A multiresponse 2 5 full factorial experiment is performed to investigate the effects of growth conditions (temperature, power, pressure, total flow rate, partial precursor flow rate) on the chemical, mechanical, dielectric, electronic, and charge transport properties of thin-film amorphous hydrogenated boron carbide (a-B x C:H y ) grown by plasma-enhanced chemical vapor deposition (PECVD) from ortho-carborane.
The main and interaction effects are determined and discussed, and the relationships between properties are investigated via correlation analysis. The process condition with the strongest influence on growth rate is pressure, followed by partial precursor flow rate, with low pressure and high partial flow rate conditions yielding the highest growth rates. The atomic concentration of hydrogen (at.% H) and density are controlled primarily by temperature and power, with low temperature and power conditions leading to relatively soft, hydrogen-rich, low-density, porous films, and vice versa. The B/C ratio is controlled by temperature, power, pressure, and the power*pressure interaction, and is uncorrelated to hydrogen
Introduction
Recent decades have witnessed an explosion of new and complex materials vying for a role in up-and-coming technologies, as well as next-generation technologies in need of perfectly tailored materials. Ambitious and coordinated materials characterization and design efforts, such as those envisioned by the Materials Genome Initiative [1, 2] , are needed to harness the full potential of twenty-first century materials science and efficiently match material with application. An example of a unique nanostructured material suitable as a case study for materials design efforts is amorphous hydrogenated boron carbide (a-B x C:H y ), which consists of a polymeric network of twelve-vertex icosahedral carborane units and hydrocarbon groups with varying degrees of crosslinking and hydrogenation [3] . As an amorphous material with unusual bonding [4, 5] , characterization and design efforts present additional challenges: the lack of available theory to adequately describe physical properties [6, 7] , the inability to experimentally determine or computationally model the atomic structure of disordered solids [8] , and the near infinite number of configurations possible resulting from non-thermodynamic growth conditions [9] . Such challenges render coordinated characterization efforts even more important for a-B x C:H y and similarly complex materials.
Thin-film a-B x C:H y has been under growing consideration for various specialized technologies. As a boron-rich solid, it has a high cross-section for thermal neutron capture and is therefore of interest for nuclear applications ranging from reactor coatings [10, 11] to neutron detection [12] . Its semi-insulating properties make it particularly appealing for solid-state direct-conversion neutron detectors [13e16] , which have yet to achieve commercial potential but could show dramatic efficiency improvements over existing solutions. Its low-Z character (i.e., low electron and mass density), coupled with its robust mechanical, chemical, and thermal properties, render it a candidate for low-k dielectric material development [17e19], a challenge at the forefront of modern integrated circuit interconnect technologies [20, 21] . With the right combination of properties, a-B x C:H y may additionally prove suitable for other specialized electronics [22, 23] and coatings [24e27] .
From an experimental perspective, significant groundwork must be laid to position a new material for widespread adoption. However, more often than not, such efforts lack sufficient direction and many years are required for applications to come to fruition. In the case of a-B x C:H y , dozens of materials growth and characterization studies have been published [28e47] , but because these have covered such a wide range of growth methods and resulting a-B x C:H y variants, and because these typically only focus on one or a small number of process conditions or properties at a time, they fail to provide a comprehensive picture of the processeproperty landscape for this entire material family or any specific variant. One fabrication method that has gained traction, particularly for device applications, is the plasma-enhanced chemical vapor deposition (PECVD) of a-B x C:H y using a single-source molecule-based orthocarborane (o-C 2 B 10 H 12 ) precursor [48e57] . We hypothesize that this process yields a more uniform material (due to the use of a single-source precursor), ultimately distinct from those produced using other common deposition methods such as sputtering from a B 4 C target or variations of CVD-based growth from gaseous precursors (e.g., B 2 H 6 , BCl 3 , CH 4 ). By using a single-source precursor and varying PECVD process parameters, systematic tuning of material properties over a vast space is possible [58] . We aim to rigorously map the processestructureeproperty relationships in carborane-based a-B x C:H y , while uncovering the underlying chemistry and physics.
A previous study by Nordell et al. looked at the effects of temperature and power on the growth of PECVD a-B x C:H y as well as the influence of hydrogen content on a wide range of material properties [58] . Here, we report an extension of this work, to include the effects of other major PECVD process parameters: pressure, total flow rate, and partial precursor pressure. To effectively map the effects of all five process parameters, we apply design of experiments (DOE) principles [59] and employ an n k two-level (n ¼ 2)
five-factor (k ¼ 5) full factorial experiment design (i.e., a 2 5 design)
[60e62]. This design comprises all unique combinations of each of the five process parameters at either a "low" (À1) or a "high" (þ1) value, and allows for a statistically sound evaluation of both the effect of each parameter as well as any interactions between parameters, while minimizing the number of growths required. In addition to investigating process effects, we tease out relationships between properties, and explore more nuanced correlations with chemical stoichiometry that become evident in the wider parameter space covered, notably the influence of carbon content. We anticipate that a characterization effort of this depth will be important not only in optimizing material properties for application, but in providing the large-scale data sets needed to develop computational methods and physical theory for treating disordered solids. 
Experimental

Thin-film growth
Amorphous hydrogenated boron carbide (a-B x C:H y ) films were grown using a previously described [58] custom-built capacitively coupled plasma-enhanced chemical vapor deposition (PECVD) system with a single-source solid ortho-carborane (C 2 B 10 H 12 ) precursor and Ar process gas. The ortho-carborane was purchased from Katchem and sublimed in vacuo before use. The argon gas was 99.9999% purity (Airgas, BIP, <10 ppb O 2 , <20 ppb H 2 O) and passed through additional in-line O 2 and H 2 O filters to further reduce oxygen and water impurity levels to the hundreds-of-ppt range prior to introduction to the chamber. The ortho-carborane was introduced via a solid precursor 'bubbler' heated to 75 C through which heated Ar gas was flowed prior to delivery to the chamber through a showerhead. The partial flow rate of the precursor is defined as the ratio of the Ar gas passing through the bubbler to that flowing directly into the chamber, although the exact partial pressure of ortho-carborane in the Ar is not known.
Factorial experiment
A 2
5 full factorial experiment design was created using the low (À1) and high (þ1) values summarized in Table 1 . The ranges were chosen so as to stay within the operational limits of the PECVD system as well as to maintain the integrity of the PECVD growth. Five replicate center point (level "0") growths were additionally included to independently assess error within the process in lieu of the more experimentally costly option of replicating each individual run. The conditions for each growth are summarized in Table 2 . All films were grown for 12 min on a combination of 15 Â 15 mm silicon [1e15 U$cm p-type Si(100)] and glass substrates. The order of the growths was randomized to mitigate any systematic variation.
Thin-film characterization
A detailed description of measurement and analysis methods can be found in Nordell et al. [58] . Briefly, atomic concentrations (% B, C, H, and O) were determined by nuclear reaction analysis (NRA) methods. Thin-film density was also determined from NRA measurements and, on a subset of samples, by X-ray reflection (XRR) measurements. Hardness (H) and Young's modulus (E) were determined by nanoindentation (NI) experiments. Pore size was measured by positron annihilation lifetime spectroscopy (PALS) on selected samples. Thin-film thickness (d), index of refraction (n), and extinction coefficient (k) were measured with a J.A. Woolam alpha-SE spectroscopic ellipsometer using a Cauchy model with a graded layer. The real part of the high-frequency (4.6 Â 10 14 Hz/ 1.96 eV) dielectric constant was calculated from the optical constants via
The absorption coefficients (a) for the a- Table 3 Pearson correlation coefficients, r, for a-B x C:H y properties. All values of r > 0.6 are highlighted in bold. B x C:H y films were determined by ultravioletevisible (UVevis) transmission spectroscopy measurements for thin films on glass substrates (transparent from 1.5 to 4 eV). The absorption coefficient as a function of energy was calculated using
where T is transmission, I intensity of transmitted radiation, and I 0 intensity of incident radiation. From the absorption coefficient data, the Tauc optical band gap (E Tauc ) and slope parameter (B 1/n ) were determined using a Tauc analysis in the a > 10 4 cm À1 region based on the relationship (a$E) n ¼ B(E À E Tauc ), with n ¼ 2. The isoabsorption gap, E 04 , was also determined as the energy at which a reaches 1 Â 10 4 cm
À1
. The Urbach energy (E U ) was determined from a fit to the exponential edge of the absorption coefficient data in the 10 3 a 10 4 cm À1 region using the expression a(E) ¼ a 0 exp(ÀE/ E U ). Currentevoltage (IV) and 100 kHz capacitanceevoltage (CV) measurements were obtained on metaleinsulatoresemiconductor a-B x C:H y /Si heterostructures using a mercury probe with Keithley 2400 source meter (voltage source), 6485 picoammeter (current sensor), and 590 CV analyzer. The low-frequency (i.e., the total) dielectric constant (k) was determined from the CV curve in the accumulation region through the geometric capacitance relationship for an MIS capacitor, k ¼ Cd/ε 0 A, where ε 0 is the permittivity of free space and A the area of the Hg contact. Electrical resistivity (r) was determined from the IV curve in the Ohmic regime (I f V n ; n z 1) from Ohm's law, r ¼ VA/Id. Mobility (m) was calculated using
Murgatroyd's field-dependent treatment of Child's Law in the space-charge-limited current regime of the IV curve (I f V n ; n z 2),
)], following the protocol outlined by Blakesley et al. [63, 64] . Here, m 0 is the zero-field mobility and g a factor defining field-dependence, and from these values the field-dependent mobility (reported here at 0.1 MV/cm)
Free charge carrier concentration (n) was also determined from the resistivity and mobility values via r ¼ 1/(enm), where e is the fundamental charge.
With the exception of NI, XRR, and PALS analysis, all measurement techniques were applied to all samples if possible. In a few cases, measurements could not be completed because of either insufficient film thickness, delamination prior to measurement, or electrical instability/breakdown.
Results and discussion
Full factorial experiment analysis
Results from the full factorial DOE (Table 2) were analyzed to ascertain significant effects. Main effects and interaction effects, as well as their standard errors, t-ratios and P-values [59] , were calculated using SAS software [65] and are summarized in Table S1 (Supplementary Information). Standard deviation values (s) were independently calculated from the center point runs, and are additionally included in Table 2 . Main effects are defined as the effect of each individual factor (i.e., each individual PECVD process parameter) on a given response (i.e., property). The effect of factor A, for example can be represented by the difference between the average response value at all high levels of A (A þ ) and the average response at all low levels of A (A e ):
Interaction effects occur when the effect of one factor depends on another. The interaction effect between factors A and B, for example, can be represented as one half of the difference between the effect of A at the high level of B and the effect of A at the low level of B:
The statistical significance of each effect was evaluated from the t-ratio and P-value, where the t-ratio is given as the magnitude of the effect divided by its standard error, and P-values <0.05 indicate significance at the 95% confidence level.
To aid in evaluating correlations between responses (properties), the Pearson and Spearman rank-order correlation coefficients (r and r S , respectively) [66] were compiled and are summarized in Table 3 and S2, respectively. The Pearson correlation coefficient is a measure of the strength and direction of the association between two variables that are linearly correlated. From an examination of scatter plots, the majority of the sets of variables that exhibit correlation appear to be linearly correlated, and therefore the Pearson correlation coefficient is expected to do an adequate job of estimating correlation strength. In a few cases, however, the variables are correlated in a clearly non-linear fashion or the data exhibits heteroscedasticity (changing variance along the line of best fit) or contains distinct outliers. In such cases the Spearman correlation coefficient may do a better job of estimating correlation strength. From a comparison of r and r S values, we observe that the two are generally very close, and conclude that either set should be able to establish gross trends in the data. Although various rules of thumb exist, we will define a strong correlation as one with r/r S > 0.6, a moderate correlation as one with 0.3 < r/r S < 0.6, and a weak correlation as one with r/r S < 0.3.
Although the process parameter effects can be evaluated quantitatively from Table S1 alone, a graphical analysis is very useful. We have produced Pareto charts and interaction effect plots for a majority of the responses. Pareto charts are simple bar graphs that allow for a quick assessment of relative magnitude and statistical significance of the different effects (colored bars represent statistically significant effects). Interaction plots provide a visual means for understanding the interactions between factors: most simply, the more the lines deviate from parallel, the greater the interaction.
Growth rate
From Fig. 1(a) , it is evident that pressure and partial flow rate have the greatest effect on growth rate. High pressure conditions decrease growth rate, while high partial flow rate conditions increase it. The interaction between these two variables is also relatively significant, and we can observe in the interaction effect plot [ Fig. 1(b) ] that the influence of pressure is greater at high partial flow rates. Power and total flow rate also demonstrate statistically significant effects, although their magnitude is smaller. An increase in growth rate with increasing partial pressure of precursor would be expected based on the higher delivery rate of reactive species to the substrate surface. A decrease in growth rate with increasing pressure can also be explained by the smaller mean free path of reactive species and thus lower delivery rate to the substrate surface. The fact that temperature does not show a significant effect on growth rate suggests that growth rate is primarily limited by mass transport rather than reaction rate, which is consistent with a (relatively) low temperature plasma-assisted CVD process. Further, the fact that increasing power is correlated with a decrease in growth rate may suggest that film growth is not accelerated by increased ion bombardment by higher energy ions, as one might expect [62, 67] . However, these interpretations are convoluted by the effects of temperature and power on thin-film density (vide infra); although higher temperature and power conditions may not correlate with a high growth rate calculated via film thickness/ growth time, they would be expected to show a stronger influence on growth rate if this were interpreted in terms of total mass density (i.e., thin-film density Â thickness). Overall, the results indicate that to optimize for growth rate in a-B x C:H y , we would want to apply conditions of low power, low pressure, high flow rate, and high partial flow rate.
Chemical composition and mechanical properties
In the case of atomic concentration hydrogen (at.% H), only growth temperature and power are observed to be significant effects, where increasing either parameter leads to a decrease in hydrogen content, with the effect of temperature being about twice that of power [ Fig. 2(a) and (b) ]. Similar dominant temperature and power effects are observed for density, but of opposite sign, where increasing either parameter leads to an increase in density [ Fig. 2(c)  and (d) ]. These observations are consistent with our previous investigation of a-B x C:H y films grown while varying temperature and power only [58] . In agreement with this earlier work, hydrogen content and density show a strong inverse correlation, as evident from the scatter plot in Fig. 3(a) , with an associated Pearson correlation coefficient, r, of À0.84. The effects of temperature and power on hydrogen content and density are not surprising. Increasing temperature presumably allows access to thermodynamically favorable reactions involving H removal and/or crosslinking, while the greater ion energy and ion bombardment from increasing power can facilitate H removal, formation of reactive sites, and overall densification. It is noteworthy that pressure or the power*pressure interaction do not show up as statistically significant effects, like they do for many other properties (vide infra).
Young's modulus (E) and hardness (H) were investigated through nanoindentation experiments. Because only a subset of samples was selected for these measurements, there is not enough data for E and H to perform a full statistical analysis. We note, however, that these two properties display a direct linear correlation with each other [r ¼ 0.99; Fig. 3(b) ] and, consistent with previous work [58] , correlate linearly with hydrogen content/density [with r values of À0.97 and À0.95 for E and H vs at.% H, respectively), while demonstrating what has been assigned to a rigidity percolation threshold at~35% H [ Fig. 3(c) and (d) ]. Thus, we can assume that these mechanical properties can be mapped directly by either at.% H or density and would depend similarly on growth conditions (i.e., primarily temperature and power). We have also determined pore size in a selection of films using positron annihilation lifetime spectroscopy (PALS). In six low-density films (0.8e1.1 g/cm 3 ), pore diameters of 0.67e0.73 nm were measured. In one high-density film (N16, 1.9 g/cm 3 , 20% H) measured, no pores could be detected, indicating that any pores in this film are below the PALS lower detection limit of~0.3 nm. The results for the three moderate-density films studied are mixed: for film N37, with a density of 1.44 g/cm 3 (32% H), a pore diameter of 0.68 was measured, whereas for films N32 (1.51 g/cm 3 , 29% H) and N4
(1.43 g/cm 3 , 21% H), no pores could be detected. The density measured for N4 is likely anomalously low [it appears as a clear outlier in the at.% H vs density plot in Fig. 3(a) ], and this film should probably be considered in the higher density range. In the case of N32 and N37, it is possible that these lie very near the percolation threshold, which may explain the detection of pores in one case but not the other. Overall, the general correlation between pore diameter and density suggests that porosity is also predominantly controlled by growth temperature and power. The effect of process parameters on the B/C ratio are very different than those on atomic concentration hydrogen. Temperature, power, pressure, and the power*pressure interaction are all significant effects (Fig. 4) . In particular, increasing power and increasing pressure are both correlated with a lower B/C ratio, and thus increased carbon content. The interaction between the two is such that the effect of pressure is greater at high power, and vice versa. There is also a noteworthy overlap between the effect profiles for B/C ratio and growth rate: although not all the same effects register as statistically significant in both cases, their signs and relative magnitudes follow the same trend. This observation prompted us to look more closely at the correlation between these two responses. Indeed, the B/C ratio does show a strong correlation with growth rate [r ¼ 0.74, Fig. 5(a) ], whereas at.% H does not [r ¼ 0.00, Fig. 5(b) ]. Further, the B/C ratio and the at.% H are not at all correlated with each other [r ¼ 0.03, Fig. 5(c) ]. Since the correlation between B/C ratio and growth rate is clearly non-linear (although it may be considered linear below a plateau of~4.5e5), this is an example where the Spearman ranked correlation coefficient may be more appropriate, and in this case, it indicates a slightly stronger correlation than the Pearson coefficient (r S ¼ 0.81). One explanation for the correlation between growth rate and carbon content can be traced back to the plasma chemistry associated with low growth rates. At higher pressure and power growth conditions, a higher frequency of collisions with higher energy ions would be expected, which could conceivably lead to a greater number of dissociated carborane molecules and free carbon-based reactive species reaching the substrate surface and incorporating into the thin film.
Dielectric properties
The high-frequency (ε 1 ), low-frequency (total, k), and intermediate-frequency (k e ε 1 ) dielectric constant speak to the electronic, orientation, and distortion contributions to the total polarization response of a material [68] . Where the high-frequency dielectric constant is concerned, growth temperature has by far the greatest effect, where increasing from a low to a high temperature increases ε 1 by~1 [ Fig. 6(a) ]. The second greatest effect is the power*pressure interaction. The large interaction between power and pressure implies that each of these variables does in fact have a significant effect, but that the sign of this effect depends on the level of the interacting factor [ Fig. 6(b) ]. Thus, at low pressure, increasing power increases ε 1 , while at high pressure, increasing power decreases ε 1 da result that is not evident from the main effects alone. A similar argument can be made for the effects of pressure as a function of power level. From this information, we can identify two opposite regimes that would lead to a low ε 1 : low power and low pressure or high power and high pressure. These results are consistent with our previous study investigating the effects of temperature and power only, where increasing power led to an increase in ε 1 while holding the pressure constant at a "low" value of 0.2 Torr [58] . The interaction between power and pressure is expected since both conditions together play a role in determining overall ion energy, where increasing power or decreasing pressure can lead to higher energy ions. Thus, a combination of either high power and high pressure or low power and low pressure would conceivably lead to comparably moderate ion energies (in contrast to high power and low pressure or low power and high pressure combinations, expected to yield high or low energy ions respectively).
Temperature also has a large, statistically significant effect in the response of k In previous work, we hypothesized that this increase in k e ε 1 was correlated with increased oxygen content, leading to a higher concentration of polar bonds [58] . It is possible that this is the case here: k e ε 1 and atomic concentration oxygen are correlated [ Fig  7(c) ], but weakly (r ¼ 0.36), and in fact the correlation between k e ε 1 and at.% H is stronger (r ¼ 0.56). This suggests that there may be an additional chemical/physical mechanism underlying this result. The most significant effect on k e ε 1 is temperature [ Fig. 6 (e) and (f)], but its magnitude is of the opposite sign as in the case of ε 1 or k. Several other main and interaction effects are also of statistical significance, including temperature*pressure and temperature*-flow rate interactions, which suggests that even at low temperature, it may be possible to minimize k e ε 1 if higher pressures and flow rates are used.
Electronic structure
Next, we look at electronic structure parameters obtained from optical transmission spectroscopy measurements including optical band gap (E g ) as well as Urbach energy (E U ) and Tauc parameter (B 1/2 ), two measures of disorder in amorphous materials [58,69e71] . To determine band gap, we have calculated both the Tauc band gap, E Tauc , and the isoabsorption gap, E 04 . The average difference between the two is very small,~0.1 eV, and we therefore conclude that they can interchangeably provide a useful measure of optical gap in a-B x C:H y . For this particular set of films, the band gap tends to be high (>3.5 eV) in a majority of the samples. The E Tauc data appears to plateau at 3.6e3.7 eV, which may be an artifact of the analysis procedure: because the transmission cutoff for the glass substrates used is~4 eV, the fit to the Tauc edge may not be as accurate in the case of the high band gap samples. Indeed, the E 04 data does not show this same plateau, and appears to better represent the data for samples with E g > 3.5 eV [see, for example, the E g vs E U correlation plot in Fig. 9(a) ]. In terms of the effects of the process parameters on E g , E U , and B 1/2 , the most significant is growth temperature, and the second most significant is the power*pressure interaction, similarly to the case of the dielectric properties (Fig. 8) . Once more, two growth regimes are identified: high pressure and high power, or low pressure and low power. Another interaction effect that may be relevant because it points to the existence of opposite growth regimes is the flow rate*partial flow rate interaction. Although not statistically significant, the same trends in this interaction effect are observed for ε 1 , k, k e ε 1 , E g , E U , and B
1/2
, which suggests that the effect should be taken into account when evaluating the influence of process conditions. As we have found before for a-B x C:H y [58] , band gap is observed to be inversely correlated to Urbach energy (r ¼ À0.96 for E Tauc vs E U and À0.89 for E 04 vs E U ), as is the Tauc parameter, although the latter not linearly (r ¼ À0.82 and r s ¼ À0.93 for B 1/2 vs E U ) (Fig. 9) . This interrelationship between band gap and disorder parameters is typical for amorphous semiconductor materials such as amorphous hydrogenated silicon [69, 72] .
Charge transport properties
Lastly, we turn to the charge transport response parameters, electrical resistivity (r), field-dependent mobility (m F , 0.1 MV/cm), and charge carrier concentration (n). We have only performed a statistical analysis of effects on the electrical resistivity response; due to the nature of the electrical measurements (i.e., the possibility of low-field dielectric breakdown or inability to do a proper space-charge-limited current analysis), m F and n could only be reliably determined for a subset of samples and these data sets are therefore missing a relatively high number of data points. As can be seen from Fig. S1 and Table S1 , many main and interaction effects exhibit a relatively large magnitude in the case of resistivity, but only the partial flow rate effect is considered statistically significant. The temperature, power, and temperature*power effects are all on the threshold of significance (0.05 < P < 0.1), with several other interaction effects not far behind. The electrical transport property responses exhibit the greatest error (typically an order of magnitude standard deviation; Table 2 ), and the poor statistics are compounded by the high number of missing data points. However, overall the effect profile suggests that the effects of growth conditions on charge transport properties may be quite complex.
Because r, m, and n are related via r ¼ 1/enm, we expect a correlation between variables. Indeed, there is a strong linear correlation between log(m F ) and log(r) [r ¼ À0.82; Fig. 10(a) ], and a strong linear correlation between log(m F ) and log(n) [r ¼ À0.77; Fig. 10(b) ], but not between log(n) and log(r) [r ¼ 0.29; Fig. 10(c) ]. In the latter case, the log(n)elog(r) scatter plot appears to define a plane rather than a line. Indeed, when all three variables are plotted against one another in 3D space, this plane is clearly defined [ Fig. 10 ), moderate n (10 15 ), and moderate r (10 14 ).
Correlations between chemical composition and material properties
Amorphous hydrogenated boron carbide (a-B x C:H y ) is a complex material hypothesized to be composed of partially hydrogenated, partially cross-linked icosahedral carborane units and hydrocarbon groups, the precise configuration of which remains unknown [3, 58] . Previously, we found thatddespite the complexity of the local physical structuredhydrogen content could be used as a proxy for estimating and understanding many of the mechanical, chemical, electronic/optical, and charge transport properties of a-B x C:H y [58] . The current study highlights another structural feature quite independent from at.% H [(r ¼ 0.03; Fig. 5(c) ] that also contributes to defining a-B x C:H y material properties: the B/C ratio. We have plotted a series of properties as a function of both at.% H and B/C ratio (Fig. 11) , and contrast the associated Pearson correlation coefficients in Table 4 . The majority of the properties demonstrate a strong correlation with at.% H and a weak to moderate correlation with B/C ratio. The most pronounced exceptiondother than the growth rate, which is strongly correlated to B/C ratio as previously discusseddis the B 1/2 parameter, which demonstrates a stronger correlation with B/C (r ¼ À0.68) than with at.% H (r ¼ 0.50). For both m F and n, the correlations with at.% H and B/C are of comparable magnitude. For some properties, scatter plots point to a correlation with B/C ratio, although not necessarily a linear one. For example, the ε 1 eB/C [ Fig. 11(b) ] and E U eB/C [ Fig. 11(e) ] scatter plots appear to define triangular planes, seemingly begging for a third dimension. Another notable observation lies in the sign of the correlation coefficients: for E, H, ε 1 , k, k e ε 1 , E Tauc /E 04 , E U , and B 1/2 , the correlation coefficients with at.% H and B/C are of opposite sign; however for m F and n, they are of the same sign. Thus, as can be observed in Fig. 11, ε 1 , for example, is minimized at high at.% H but low B/C, while m F is maximized at high at.% H and high B/C. To investigate a possible interaction between the at.% H and B/C variables, we have defined two new parameters: the product and quotient of the B/C ratio and the at.% H. From Table 4 , we see that indeed ε 1 , k, E Tauc /E 04 , E U , and B 1/2 are all better correlated with the combined (B/C)/at.% H parameter than the individual parameters, while m F and n are better correlated with the combined (B/C)*at.% H parameter. These correlations are illustrated three dimensionally in Fig. 11 and by scatter plots in Figs. 12 and 13. The correlation between B/C ratio and material properties suggests that carbon content presents an influence distinct from that of hydrogen content, whose role was previously rationalized primarily in terms of its effect on coordination number and mass/electron density. For ε 1 , k, E Tauc /E 04 , and E U , although B/C has a moderate effect, the effect of H is clearly dominant. For B 1/2 , the strong correlation to B/C ratio may speak to the influence of C on the density of states features which contribute specifically to the B 1/2 parameter [69, 71, 73] . Overall, understanding the chemical environment of C in a-B x C:H y , and ultimately its role in defining electronic structure is a nontrivial problem [3, 58] that will require further investigation of both an experimental and theoretical nature.
The fact that the electrical transport properties (r, m F , and n) do not show the same behavior as the electronic structure properties (E g , E U , B
1/2
) was surprising to us, as we had originally hypothesized that we might see a strong correlation between, for example, mobility and band tail widthdas parametrized by Urbach energydas has been observed in a-Si:H and related materials and typically interpreted in the context of a multiple trapping model [74e76] . This result suggests that the chemical and electronic structure factors controlling charge transport are more nuanced than can be described by a simple univariate linear correlation model or basic multiple trapping model, further analysis of which is beyond the scope of this work.
Property optimization
In terms of optimization of properties through controlling growth conditions, some comments can be made. We have concluded that hydrogen and density are primarily controlled by growth temperature and power, while B/C ratio is primarily controlled by power, pressure, and the power*pressure interaction, with temperature and partial flow rate as secondary influences. The B/C ratio appears to be related to growth rate, and to depend on a very similar set of process parameters, which also likely include weaker contributions from total/partial flow rate as well as interactions between pressure and flow rate. The at.% H and B/C ratio appear to not be correlated to each other at all, which is of interest as one might predict a correlation between at.% C and at.% H associated with hydrocarbon content as is typically observed in a-C:H and a-SiC:H [71, 77, 78] . As such, these may be treated as independent variables in modeling other material properties.
Many of the optical/electronic properties (ε 1 , k, E g , and E U ) are most strongly affected by growth temperature and most strongly correlated to at.% H, which is also most strongly affected by growth temperature. However, these same properties also show a dependence on power and pressure (including importantly the power*-pressure interaction), as well as a weaker correlation to B/C ratio, which is in turn more strongly influenced by power and pressure than by temperature. Thus, while growth temperature clearly plays a dominant role in determining material properties, power, pressure, and total/partial flow rates, as well as their interactions, also play a non-negligible role. Because the latter conditions were not varied in our previous work investigating the effects of power and temperature [58] , their roledand the role of Cdwas not evident from the results. Regarding interactions, we observe that interaction effects between power, pressure, and total/partial flow rate are significant in a number of cases, but interaction effects involving temperature are weak or nonexistent, with the exception of a few instances including effects on k e ε 1 and r. It appears therefore that temperature can be applied as a mostly independent 'knob' to tune material properties, while the remaining properties should be varied in combination, keeping in mind their interactions. Flow rate and partial flow rate, as well as their associated interactions generally exhibit weak effects that are not statistically significant. This may highlight an experiment design flaw more than the insignificance of these process parameters. Temperature, power, and pressure were all varied across a wide range, whereas flow rate and partial flow rate, in retrospect, may not have been varied across a wide enough range to truly capture their influence. Varying partial flow rate from 0.1 to 0.5 is a reasonably wide gap, but from 0.1 to 1 may have been a better choice. In the case of total flow rate, a range of 50e100 sccm was almost certainly too small, and a range of 50e500 sccm, for example, may have been a better choice. Exploring these and even greater ranges would therefore be an appropriate subject for future investigations.
The overall low dielectric constant, high hardness and Young's modulus, and high electrical resistivity of the a-B x C:H y films is promising toward their use as low-k dielectrics. The processeparameter analysis suggests pathways for optimizing a-B x C:H y films for this application, specifically by applying low growth temperature, either at high power and high pressure or at low power and low pressure. Films grown using the first set of conditions (N15, N23, and N31) yielded on average values for ε 1 , k, and k e ε 1 of 2.4, 3.1, and 0.7, respectively, while films grown using the latter set of conditions (N1, N9, N17, and N25) yielded on average values for ε 1 , k, and k e ε 1 of 2.6, 3.7, and 1.1, respectively. Because high power and high pressure growth conditions lead to higher electrical resistivities (i.e., lower leakage currents), and minimize the k e ε 1 contribution, these may be more favorable. In addition, although low temperatures minimize the ε 1 value, they also increase the k e ε 1 contribution and decrease r, which suggests that a slightly higher temperature may be more optimal. Finally, a combination of high flow rate and high partial flow rate may prove beneficial in minimizing the k e ε 1 contribution, and exploring conditions beyond those applied in the present work could be worthwhile.
For semiconductor applications where charge carrier mobility is important, such as neutron detection [14] , we have found that mobility is maximized with high at.% H and B/C ratio, parameters which are optimized at low temperature, low power, and low pressure growth conditions. Low pressure conditions, combined with high partial precursor flow rates, would also be optimal in producing films for neutron detection as these are required for the , (g) electrical resistivity (log r), (h) field-dependent mobility (log m F ), and (i) charge carrier concentration (log n).
high growth rates needed to produce sufficiently thick films. In a previous publication [58] , we observed a reversal in the dependency of electrical resistivity on at.% H at moderate H concentrations (25e35%), attributed to a possible change in dominant transport mechanism. In this previous study, resistivity was actually at its lowest (and mobility presumably at its highest) at very low H concentrations (<20%). Because the majority of the films in the present study exhibit higher H concentrations, with none below 20%, this reversal is not clearly apparent in the data. Therefore, we note that mobility can also apparently be maximized at high temperature/high power conditions, provided the temperature be suitably high (>450 C), even though this was not evident from the current study as these conditions were not sufficiently explored. On a related note, post-deposition annealing is also known to have an effect on a-B x C:H y properties [57] , anddalthough beyond the scope of the present studydis another important area for more detailed investigation.
Summary
Through a multiresponse 2 5 full factorial analysis of a-B x C:H y films grown by PECVD from ortho-carborane, we have investigated the influence of five process parameters (growth temperature, RF power, pressure, total flow rate, and precursor partial flow rate) on a wide range of material properties. Thin-film properties were found to vary quite widely, within similar ranges as previously observed [58] , with growth rate ranging from 1 to 112 nm/min, B/C ratio from 2.8 to 4.9, atomic concentration oxygen (at.% O) from 0 to 12% (average of 4%), atomic concentration hydrogen (at.% H) from 19 to 46%, Young's modulus (E) from 9 to 281 GPa, hardness (H) from 1 to 26 GPa, high-frequency dielectric constant (ε 1 ) from 1.7 to 4.8, low-frequency (total) dielectric constant (k) from 2.4 to 5.0, band gap (E 04 ) from 1.9 to 4.1 eV, Urbach energy (E U ) from 200 to 800 meV, Tauc parameter (B Growth rate is most strongly influenced by pressure followed by precursor partial pressure, with high growth rates upwards of 100 nm/min achieved at low pressures and high precursor dilutions, and rates on the order of 1 nm/min for the opposite conditions. Hydrogen and density, as previously observed, are primarily controlled by growth temperature and power, while the B/C ratio is primarily controlled by power, pressure, and the Table 4 Pearson correlation coefficients between a-B x C:H y properties and B/C and at.% H, as well as the product and quotient of the two (the strongest correlation for each property with at least r > 0.6 is highlighted in bold). power*pressure interaction, with a strong correlation to growth rate and the factors influencing growth rate. High temperature and power conditions lead to hard, hydrogen-poor, high-density, lowporosity films, and vice versa. Dielectric and electronic structure properties (ε 1 , k, E Tauc /E 04 , and E U ) are found to correlate most strongly with at.% H, but also to some extent with B/C ratio, and are influenced accordingly by growth conditions, showing a dominant effect from temperature, and secondary effect from the power*-pressure interaction. The electrical properties also appear to be moderately correlated with at.% H and B/C ratio, but not in the same way as the electronic structure parameters, and thus no straightforward correlation between electronic structure and charge transport is observed. Overall, the results of the 2 5 full factorial analysis give insight into the a-B x C:H y film growth process, demonstrate the extreme tunability of this material, and direct us to the ranges of PECVD parameter space optical for producing films with properties needed for low-k dielectric, neutron detection, and other next-generation applications.
